ABSTRACT Adenosine was administered intravenously to 17 patients undergoing intracardiac electrophysiologic studies. At a mean dose of 179 + 88 /ag/kg (±+ SD), adenosine suppressed sinus node automaticity and depressed atrioventricular (AV) nodal conduction. These effects were less than 20 sec in duration and were not influenced by muscarinic blockade with atropine (0.02 to 0.03 mg/kg). Adenosine at this dose had no Received June 20, 1983; revision accepted August 18, 1983. Dr. Belardinelli is the recipient of an NIH Research Career Development Award (1 K04 HL00969-0l).
sinus rate and AV conduction in humans, but they reported no effect on atrial arrhythmias. We have recently demonstrated in isolated guinea pig and rabbit hearts and in the heart of the anesthetized dog in situ that the AV delay produced by adenosine is localized to the AV node.6 I Data from our laboratory and others have also suggested that adenosine released during ischemia or hypoxia may mediate the sinus bradycardia or AV nodal block seen in these conditions.7-9 These effects of adenosine in animals appear to be the result of an interaction with a specific extracellular receptor that is blocked by methylxanthines but not by atropine.'0
The dose-response relationship of adenosine for its electrophysiologic and hemodynamic effects in man has not been previously characterized. In this study we sought to determine the nature and time course of the electrophysiologic effects of graded doses of intravenous adenosine in man and to assess the hemodynamic changes produced by the doses required to produce these effects. We also sought to test the hypothesis that the production of transient AV nodal block by an intravenous bolus of adenosine might permit the safe and rapid termination of paroxysmal supraventricular tachycardias in which the AV node was part of the reentrant circuit.
Methods
Patients studied. There were 10 men and seven women in this study, with a mean age of 51 .2 + 16.5 (+ SD) years. All were undergoing electrophysiologic study to help determine future antiarrhythmic therapy. The clinical characteristics of the patients studied, as well as significant findings obtained at electrophysiologic study, are detailed in tables I and 2. Eleven patients (group 1) did not have paroxysmal supraventricular tachycardia initiated by programmed cardiac stimulation, whereas six patients (group 2) did manifest supraventricular tachycardia in response to programmed stimulation during the study. Fifteen patients were in sinus rhythm at the time of study, whereas two patients (Nos. 6 and 7) were in chronic atrial fibrillation. One patient (No. 10) had a history of symptomatic sinus bradycardia, and one patient (No. 4) had an abnormal corrected sinus node recovery time. Baseline parameters of sinus and AV nodal function were normal for all other patients, even though one patient (No. 1) had carotid sinus hypersensitivity and one patient (No. 11) had recurrent syncope that we suspected was due to vagally mediated bradyarrhythmias. Three patients had abnormal His-Purkinje conduction, and four manifested preexcitation when in sinus rhythm.
Drugs known to influence adenosine metabolism (e.g., dipyridamole, diazepam, and phenobarbital) and all antiarrhythmic drugs were withheld for at least 48 hr before study. Digoxin was continued in patients 6 and 7 for control of ventricular rate during atrial fibrillation and in patient 3 because of congestive heart failure.
Protocol of electrophysiologic study. Electrophysiologic studies were performed with patients in the fasting nonsedated state after informed consent had been obtained from all patients. Three No. 6F quadripolar electrode catheters (USCI, Billerica, MA) with a 1 cm interelectrode distance were introduced percutaneously via the right and left femoral veins and were positioned by fluoroscopic guidance in the high right atrium, across The protocol used for atrial and ventricular stimulation has been previously described. " The maximum corrected sinus node recovery time was measured after right atrial pacing at a minimum of three basic cycle lengths from just below the sinus cycle length down to a paced cycle length of 350 msec. 12 AtrialHis (AH) and His-ventricular (HV) intervals were measured by standard techniques.'3 For this study, adenosine-related sinus bradycardia was defined as a greater than 50% increase in the sinus cycle length after adenosine injection. Adenosine-related AV block was defined as one of the following: transient appearance of second-or third-degree AV block during either sinus rhythm or atrial pacing at a cycle length just below the sinus cycle length; the production of pauses greater than 2.5 sec in 1256 duration during atrial fibrillation; or a marked change in the QRS complex to one similar to that observed at the maximal point of preexcitation during premature atrial stimulation (in four patients with preexcitation).
Systemic blood pressure was continuously monitored throughout the study via an intra-arterial cannula placed in either a radial or femoral artery and connected to a Statham P23-ID pressure transducer (Gould Medical Products, Oxford, CA).
Adenosine administration. Crystalline adenosine (Sigma Chemical Co., St. Louis) was suspended in normal saline (by USP standards) to a final concentration of 10 mg/ml. The solution was prepared under sterile conditions and was assayed by high-pressure liquid chromatography. 14 The adenosine solution was 95% pure with small amounts of the spontaneous breakdown products of adenosine (inosine and hypoxanthine). Inosine and hypoxanthine have previously been shown to produce no electrophysiologic effects in vitro at low concentrations.15
The protocol for adenosine administration was as follows:
(1) During the patient's intrinsic rhythm, an initial intravenous bolus of 37.5 ug/kg was injected and flushed into a peripheral vein with saline over a period of 2 to 3 sec. If no electrophysiologic change was observed, repeat injections at 2 to 3 min intervals were made with 37.5 ,ug/kg increments in the dose administered, until either sinus bradycardia or AV block was observed.
(2) Once the dose that reproducibly resulted in sinus bradycardia or AV block was determined, the same dose was repeated during atrial pacing at a cycle length just under the patient's sinus cycle length, during ventricular pacing, and during AV sequential pacing. Only ventricular pacing could be performed in those patients with atrial fibrillation.
(3) In six patients, paroxysmal supraventricular tachycardia was initiated with programmed atrial or ventricular stimulation. The tachycardia was allowed to continue for at least 1 min before the effect of adenosine was assessed by rapid intravenous injection of a bolus of 37.5 gg/kg of adenosine. If no effect was observed, the dose for subsequent injections was increased in 37.5 ,ug/kg increments until the tachycardia was terminated or until AV block was produced. Injections were made at 2 to 3 min intervals. The effective dose was then repeated during subsequent episodes of tachycardia; when the tachycardia persisted the next larger dose was then tested. The number of episodes thus treated ranged from one to 12 per patient with the number determined by the ability of the patient to tolerate the tachycardia comfortably.
(4) In two patients (Nos. 2 and 10), adenosine was administered in similar incremental doses during stimulation-initiated atrial flutter until an effect on AV conduction was observed.
(5) Ten patients (Nos. 1, 6, 8, and 11 through 17) received atropine (0.02 to 0.03 mg/kg) intravenously, and the effects of adenosine were reexamined as described above. Atropine was not administered to patients with angina pectoris or when its use would have interfered with the performance of the clinically indicated portions of the electrophysiologic study.
All procedures in the study were approved by and conformed to the guidelines of the Human Investigations Committee of the University of Virginia.
Results
Effects on sinus node function. Intravenous adenosine produced sinus bradycardia in all 15 patients who were initially in sinus rhythm. The mean dose that resulted in a greater than 50% increase in sinus cycle length was 190 ± 88 gug/kg (±+ SD). In all patients, we observed a sudden abrupt change in sinus cycle length that occuafed between 10 and 20 sec after the injection of adenosine, once the effective dose was reached. As might be expected from the rapid uptake and metabolism of adenosine, this effect was quite transient and lasted less than 10 sec. A mild sinus tachycardia was usually seen immediately after the brief period of bradycardia. As shown in figure 1, sinus tachycardia was not observed when adenosine was administered during asynchronous ventricular pacing, suggesting that the sinus tachycardia was not a delayed effect of adenosine itself.
Effects on AV conduction. Adenosine at a mean dose of 179 ± 88 gg/kg (t+ SD) prolonged AV nodal conduction leading to AV nodal block in all patients. In those patients with normal sinus rhythm in which an AH interval could be measured for all conducted beats, we observed a dynamic prolongation of the AH interval before the onset of second-degree AV nodal block (figure 2). The onset (10 to 20 sec) and duration (less than 10 sec) of the AV nodal conduction delay were similar to that described above for the depression of sinus node function. The HV interval remained unchanged from baseline in all patients. (table 2) . Three patients had AV reciprocating tachycardia, and two had AV nodal reentry. In these five patients, intravenous adenosine was uniformly effective in terminating the tachycardia. As shown in figure 4 , adenosine produced a progressive increase in the AH interval before the tachycardia was terminated by AV block during antegrade conduction through the AV node. The mean dose required to terminate the tachycardia was 82 + 35 ltg/kg ( -+ SD).
In all patients, this dose was less than or equal to the dose required to produce bradycardia or AV block during sinus rhythm. We noted no episodes of sinus bradycardia or AV block after termination of tachycardia. Thirty-two episodes of supraventricular tachycardia were terminated in these five patients by intravenous adenosine, with every termination occurring within 20 sec after peripheral injection of the appropriate dose. In the remaining patient in this group, the tachycardia initiated by programmed stimulation met the criteria for supraventricular tachycardia due to intra-atrial reentry. 06, " In this patient, adenosine did not terminate the tachycardia but produced transient AV block without interrupting or changing the cycle length of the reentry circuit within the atrium (figure 5).
Hemodynamic effects. Single intravenous doses of adenosine sufficient to produce measurable changes in electrophysiologic parameters had no effect on systemic blood pressure. This was demonstrated by injection of a dose shown earlier to produce sinus bradycardia or AV block during (1) AV pacing in those patients who initially had norrmal sinus rhythm, (2) ventricular pacing for those patients in atrial fibrillation, and (3) figure 6 . In all five patients in whom adenosine successfully terminated episodes of paroxysmal supraventricular tachycardia, we noted no major change in blood pressure after adenosine injection until the tachycardia was interrupted. At the point when normal sinus rhythm resumed, the blood pressure increased 21 7 mm Hg over that observed during the tachycardia.
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Adenosine did produce transient facial flushing in five patients, even when administered during pacing. This may represent local cutaneous vasodilation caused by adenosine, but we were unable to demonstrate any change in systemic arterial pressure that was not related to alterations of rhythm.
Other effects. The electrophysiologic effects of adenosine were not abolished by pretreatment with atropine (0.02 to 0.03 mg/kg). In all 10 patients who received atropine, the same dose of adenosine was required to produce sinus bradycardia or AV block after atropine Vol. 68, No. 6, December 1983 as had been required during the control portion of the study. In the five patients with supraventricular tachycardia that responded to adenosine, the nucleoside was still able to terminate the arrhythmia after atropine. However, in two patients (Nos. 12 and 16), an increase of 37.5 ,ug/kg over the previously effective dose was required for termination of the arrhythmia.
Adenosine was administered to two patients during atrial flutter. The results were similar to those observed in the patient with intra-atrial reentry; adenosine had no effect on atrial cycle length, although higher-grade AV block could be produced.
Discussion
In experimental preparations, adenosine depresses automaticity of the sinus node and Purkinje fibers, hyperpolarizes the membrane and shortens the plateau phase of the action potential of atrial myocytes, and depresses AV nodal conduction.6 ' 18, 19 These electrophysiologic effects of adenosine are mediated by a depression of calcium-mediated slow-channel conduction, an increase in potassium conductance, and possibly, indirect antiadrenergic effects.' 921 The direct effects are due to the interaction of adenosine with a specific extracellular receptor different from the muscarinic cholinergic receptor.10 Our data showing that adenosine has negative chronotropic and dromotropic effects in patients undergoing electrophysiologic studies are consistent with the results obtained from studies Adenosine may prove to be a well-tolerated and highly effective drug for treating episodes of paroxysmal supraventricular tachycardia. The nucleoside is rapidly taken up by most types of cells and is enzymatically deaminated to inactive inosine by the cellular elements of the blood, resulting in essentially total clearance from the plasma in less than 30 sec. Thus, there is no persistent drug effect after termination of tachycardia. The rapid clearance from plasma would allow the clinician to titrate the dose of adenosine individually, monitoring the response to any given dose over only 1 or 2 min, then gradually increasing the dose until the arrhythmia is stopped. Our data indicate that this approach would be safe and highly effective in that 90% of patients with recurrent paroxysmal supraventricular tachycardia in whom the AV node is part of the reentry loop. The induction of AV block in other atrial arrhythmias that do not involve the AV node should not prove dangerous for the patient because of the very transient duration of the pharmacologic effect of adenosine. Furthermore, the diagnostic use of adenosine might establish the mechanism of Although not examined in this study, other data have suggested that adenosine released endogenously by ischemic cells mediates some of the bradyarrhythmias observed clinically during occlusion of the blood supply to the regions of the sinus and AV nodes.7-9 Our findings that the sinus and AV nodes are sensitive to physiologic doses of adenosine are consistent with this hypothesis. Since the electrophysiologic effects of adenosine may be antagonized by methylxanthines,'0 one can speculate that management of bradyarrhythmias seen during inferior ischemia might be made more specific by the use of adenosine antagonists.
In summary, we have shown that intravenous adenosine depresses sinus node automaticity and AV nodal conduction and that it may be a useful drug for terminating some reentrant supraventricular arrhythmias.
Further clinical investigation appears warranted to assess the possible future clinical role of adenosine as both a therapeutic and diagnostic drug and as a mediator of clinical bradycardias.
